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Introduction
Chronic hypoxia-induced pulmonary arterial hypertension (PAH) is a life-threatening disease that is characterized by progressive remodelling of the pulmonary vasculature, which can ultimately lead to right heart failure and death [1, 2] . The hallmark of terminal PAH is the development of plexiform lesions resulting from the excessive proliferation and migration of pulmonary artery endothelial cells (PAECs) and pulmonary artery smooth muscle cells (PASMCs) [3, 4] . Several traditional methods, including administration of calcium-channel blockers and anticoagulants, have limited functions. Currently, the therapies for PAH such as endothelin receptor antagonists [5, 6] , phosphodiesterase type 5 inhibitors [7] , and prostacyclin analogues [8] are considered primary treatments. Although these therapies could partially improve the quality of life in patients with PAH, congenital heart disease (PAH-CHD) carries a poor prognosis [9] . Therefore, novel therapeutic strategies and newer agents are needed to target multiple pathways involved in vasoconstriction, cellular proliferation, the inflammatory response, and so on [10] . For instance, in experimental therapies, KCNK3 inhibition enhanced cell proliferation, vasoconstriction, and inflammation, but in vivo pharmacological activation of KCNK3 alleviated monocrotaline-induced PH [11] . In addition, herbs have shown extensive beneficial effects, such as puerarin, which promotes the apoptosis of PASMCs in hypoxia by acting on mitochondria-dependent pathways [12] .
Currently, multiple antioxidants and small molecules have also been identified as having beneficial effects against the deleterious effects of PAH in different experimental models [13] [14] [15] [16] . Gene manipulation research has also confirmed the effects of antioxidants, which can be applied in prevention strategies against PAH. Resveratrol (Rev, 3,5,4-trihydroxystilbene), a polyphenol isolated from grapes and polygonum cuspidatum, has been shown to possess antioxidative properties [17] . A recent study showed that Rev could reverse monocrotalineinduced pulmonary vascular remodelling and prevent the progression of PAH [18, 19] . However, the exact anti-PAH function of Rev has not been fully uncovered until now.
Here, we investigated the anti-PAH function of Rev in vivo and in vitro, and we determined that Rev reversed the remodelling of the pulmonary vasculature and decreased the number of mitochondria in PASMCs. We also showed that SRT1720, a specific activator of SIRT1, decreased cell viability and induced PASMC apoptosis by disrupting the action of mitochondria in this study.
Materials and Methods
Animals
Healthy male Wistar rats (200-300 g) were purchased from the Experimental Animal Center of Harbin Medical University (Grade II), China. The rats were maintained under standard animal room conditions (temperature 23±1°C; humidity 55-60%). Food and water were freely available throughout the experiment. 
Induction of HPVR (hypoxic pulmonary vascular remodelling)
The rat models were randomly assigned to 21 days of normal conditions, hypoxia-induced pulmonary vascular remodelling (HPVR) conditions, or Rev (25 mg/kg/day, Sigma Chemical Co., St. Louis, MO, USA) plus hypoxia conditions [20] . Briefly, hypoxia-induced HPVR involved a fractional inspired oxygen of 0.21 and 0.12, as described previously [21] . At the end of the 21-day exposure period, we anaesthetized each rat and quickly removed the lungs.
Cell isolation and cultivation
The intrapulmonary arteries were carefully de-endothelialized and then digested with enzymatic solution: 0.15% type II collagenase (Worthington) and 0.15% BSA in PBS for 1 h at 37℃. The digested pulmonary arterial smooth muscle cells (PASMCs) were then kept in DMEM supplemented with 10% (v/v) FBS (foetal bovine serum), 1% (w/v) streptomycin and 1% (w/v) penicillin for 3-5 days in a humidified incubator with 5% CO 2 at 37℃. PASMCs at passages 2-4 were used for further experiments. Before each experiment, the cells were incubated in serum-free low-glucose DMEM for 24 h to stop growth. For hypoxic cultivation, the cells were grown in a Tri-Gas incubator (HF100; Heal Force) providing an atmosphere of 92% N 2 /5% CO 2 /3% O 2 as described previously [22] .
Cell viability assay
The cell viability was calculated using the Cell Counting Kit-8 (CCK-8) (Beyotime Biotechnology, Jiangsu, China) according to the manufacturer's protocol. Briefly, the pulmonary arterial smooth muscle cells (PASMCs) were seeded on 96-well plates in DMEM with 5% FBS for 24 h in normoxia. Then, the cells were treated at 80% confluence using SRT1720 for 24 h or 48 h. Finally, the viable cells were detected using the Cell Counting Kit-8, where the absorbance for each sample was assessed at 450 nm using a microplate reader (TECAN, Salzburg, Austria). In addition, a calcein-AM/PI dual-staining assay (Invitrogen-Molecular Probes, Carlsbad, CA) was performed to further document the effect of SRT1720 on cell apoptosis. The calcein-AM/PI assay relies on the intracellular esterase activity within living cells. Living cells are stained with green fluorescence, and dead cells are stained red by PI. PASMCs were treated with SRT1720 for 24 h in DMEM with 5% FBS under hypoxic conditions. Fluorescence was analysed by microscopy (Olympus, Tokyo, Japan).
TUNEL assay DNA fragmentation in PASMCs was measured using the TUNEL assay (Cell Death Detection Kit, Roche Biochemicals, Mannheim, Germany). Briefly, air-dried slides were fixed with 4% paraformaldehyde for 30 min at room temperature, cleaned three times with PBS for 10 min, and then permeabilized with 1% Triton X-100 for 4 min at 4°C. Then, the TdT-labelled nucleotide mix was added to each slide and incubated at 37°C for 60 min in a dark environment. The slides were washed twice with PBS and then counterstained with 10 mg/ml 4,6-diamidino-2-phenylindole (DAPI) for 5 min at 37°C [23] .
Quantitative Reverse-Transcription Polymerase Chain Reaction (qRT-PCR)
Total RNA samples from cultured PASMCs were isolated using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocols. Total RNA (1 µg) was then reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit (ToYoBo) to obtain cDNA. The SYBR Green PCR Master Mix Kit (ToYoBo) was used in the quantitative reverse-transcription polymerase chain reaction (qRT-PCR) to quantify RNA levels of SIRT1 (Silent Information Regulator 1). GAPDH was used as an internal control. qRT-PCR was performed on the 7300 FAST Real-Time PCR System (Applied Biosystems) for 40 cycles. Rat SIRT1: (forward) 5'-GGCACATGCCA GAGTCCAAG-3' and (reverse) 5'-CACTCCGGTCTGTCAGCATCA-3'; and GAPDH: (forward) 5'-GCTGGGGCTCACCTGAAGG-3' and (reverse) 5'-GGAT GACCTTGCCCACAGCC-3'.
Scratch-Wound assay
Confluent PASMCs cultured in 6-well plates were scratched with pipette tips, which led to a 1-mmwide lane per well, and the ablated cells were cleaned with PBS. Then, the cells were treated with vehicle or chemicals of interest with 5% FBS DMEM. Wounded areas were photographed at time point zero. After the 24-h treatment, photographs were taken of the same recorded areas.
Western blot Analysis
PASMCs were treated with Rev in DMEM with 5% FBS for 24 h in hypoxic conditions. Proteins were solubilized and extracted with 200 μl of lysis buffer and incubated for 30 min on ice. Next, the lysates were sonicated and centrifuged at 12,000 g for 15 min and the insoluble fractions were discarded. Equal amounts of protein (~60 µg) from each sample were subjected to electrophoresis on an SDS-polyacrylamide gel and transferred onto nitrocellulose membranes (Millipore, USA). After 1 h of incubation with 5% non-fat dry milk powder, the membranes were probed with primary antibody to SIRT1 at 1:4000 for 16 h at 4 °C. Blots were then incubated with horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence reagents.
Measurements of right ventricular systolic pressure
Male Wistar rats were randomly assigned to one of four groups, including normoxia (Nor), hypoxia (Hyp), hypoxia+Rev (Hyp+Rev), and hypoxia+SRT1720 (Hyp+SRT) treatment groups. In the Hyp+SRT group, rats were co-treated with SRT1720 (25 mg/kg/day) for 21 days, which was purchased from selleck.cn (Shanghai, China). After 21 days of hypoxic treatment, rats were anesthetized with 2% sodium pentobarbital powder by intraperitoneal injection (40 mg/kg), and then pressure measurements were performed. Right ventricular systolic pressure (RVSP) was detected using a single lumen catheter (0.012" × 0.016" silicone tubing) through the right external jugular vein. After placement of the catheter into the right ventricle, RVSP was measured with a Gould pressure transducer positioned at the mid-thorax of the animal and a Gould multichannel recorder. Proper catheter location was verified by the waveform of the pressure tracing.
Evaluation of right ventricular hypertrophy
After removal of the atria, the hearts were dissected and then the right ventricle (RV) was separated from the left ventricle and septum (LV+S) under a dissecting microscope. The dissected wet samples were weighed after drying at 90°C for 40 h to obtain the ratio of RV/LV+S. The ratio of [RV/(LV+S)] was measured as the right ventricular hypertrophy index (RVHI) as described by Abe et al. [24] .
Statistical analysis
All quantitative data are expressed as the mean ± SEM. Statistical analysis was performed with Student's t-test or one-way ANOVA followed by Dunnett's test where appropriate. p<0.05 was considered statistically significant [25] .
Results
Resveratrol (Rev) reverses pulmonary vascular remodelling and contributes to mitochondrial dysfunction
The morphology of the pulmonary vessels was measured with Hematoxylin-Eosin (HE) staining. The results showed that the pulmonary vascular walls in HPVR rats were thicker than the vessels from normal rats as observed with HE staining. More importantly, we found that the increase was substantially reversed by administration of Rev, a non-specific activator of SIRT1 (Silent Information Regulator 1), in vivo (Fig. 1B) . These representative images are shown in Fig. 1A . To determine the mechanism of Rev intervention on pulmonary vascular remodelling, the alteration of mitochondria was measured using electron microscopy (EM). EM results indicated that the mitochondria and the nuclei were intact in the PASMCs of normal rats. Simultaneously, we found that the mitochondria were small, dense, and dysmorphic. Also, the number of mitochondria was increased in the PASMCs of HPVR rats. In contrast, after administration of Rev, the increase in the number of mitochondria was reduced, most of the mitochondria were swollen, and nuclear pyknosis was evident (Fig. 1C) . To determine the role of Rev in hypoxia-induced cell proliferation, cell viability was measured using a CCK-8 assay and Trypan blue dye exclusion. The CCK-8 assay data indicated that Rev (0, 5, 15, 30, 50 µM) could reduce the viability of PASMCs that were exposed to hypoxia for 24 h in a dosedependent manner (Fig. 1D) . In addition, Trypan blue dye exclusion showed that the viability of the PASMCs was also remarkably attenuated by treatment with Rev (30, 50 µM) following a 24-h exposure to hypoxia (Fig. 1E) . This indicated that Rev reversal of pulmonary vascular remodelling was, at least in part, attributable to a reduction in the number of mitochondria and inhibition of cell proliferation.
Rev could not reverse the downregulation of SIRT1 induced by hypoxia
To determine the mechanism linking Rev with altered pulmonary vascular remodelling, western blot analysis was performed. As previously mentioned, Rev is a type of nonspecific activator of SIRT1. Therefore, we explored whether SIRT1 was involved in the progression of pulmonary vascular remodelling induced by hypoxia. PASMCs were incubated with Rev for 24 h. We observed that the protein expression of SIRT1 was obviously reduced in rats exposed to hypoxia, but Rev could not reverse the protein expression of SIRT1 induced by hypoxia (Fig. 2A) . Similarly, the data showed that the protein expression of SIRT1 was substantially reduced in PASMCs exposed to hypoxia alone and that Rev was unable to reverse the protein level of SIRT1 induced by hypoxia (Fig. 2B) . In addition, the qRT-PCR results showed that the mRNA level of SIRT1 was also clearly decreased in rats and PASMCs after exposure to hypoxia. However, Rev could not elevate the downregulated mRNA level of SIRT1 mediated by hypoxia (Fig. 2C and 2D ). These results indicated that the SIRT1 pathway might be involved in the process of hypoxia-induced pulmonary vascular remodelling, but the beneficial effect of Rev could not alter the protein level of SIRT1. time point and a dose of SRT1720 or 1 µM were selected for the following experiments. In addition, a scratch-wound assay was performed to verify the anti-proliferation effect of SRT1720. The results indicated that PASMCs incubated with SRT1720 showed substantial attenuation of hypoxia-mediated cell migration (Fig. 3C) . Representative images are shown in Fig. 3A .
SRT1720 treatment contributes to PASMC apoptosis
The balance between cell proliferation and apoptosis is essential to the maintenance of homeostasis in multicellular organisms. To confirm whether activation of SIRT1 contributed to PASMC apoptosis, a TUNEL assay was performed. As shown in Fig. 4B , TUNEL-positive cells markedly decreased in PASMCs exposed to hypoxia compared with the normoxia group, but administration of SRT1720 (1 µM) substantially elevated PASMC apoptosis compared with hypoxia treatment alone at the 24-h time point. Representative images are shown in Fig. 4A . To further clarify the effect of SRT1720 on apoptosis in PASMCs, a flow cytometry assay was also carried out. As shown in Fig. 4D and 4E, the number of apoptotic PASMCs was remarkably reduced during exposure to hypoxia for 24 h, but administration with SRT1720 clearly promoted cell apoptosis. Representative images are shown in Fig. 4C . Altogether, the results from this study indicated that specific SIRT1 activation contributed to the amelioration of PAH.
SRT1720 incubation-induced apoptosis is associated with late mitochondrial permeability transition (mPT)
Mitochondrial membrane permeabilization, including mPT and depolarization of ΔΨm, plays a key role in the early stages of cell apoptosis [26] . Previous studies indicated that sustained opening of the mPT pore resulted in cell apoptosis. To assess whether SRT1720 promotes cell apoptosis by altering mPT, PASMCs were loaded with calcein AM (green, live cells)/CoCl 2 . The data from the study showed that calcein fluorescence was obviously reduced in PASMCs incubated with SRT1720 for 24 h compared to those that were hypoxiatreated alone, indicating that mPT occurred and that CoCl 2 entered the mitochondria to decrease calcein. The representative images are shown in Fig. 5A . Moreover, flow cytometry was performed to further document the effect of SRT1720 on mPT. As shown in Fig. 5C , the mean fluorescence was obviously attenuated by treatment with SRT1720. Representative images are shown in Fig. 5B . In addition, we further monitored the effect of SRT1720 on PASMC apoptosis at the 24-h time point. As expected, we found that SRT1720 caused an increase in DNA fragmentation in hypoxia. Confocal fluorescence images of calcein AM and PI (red, dead cells) co-stained cells are shown in Fig. 5D . The number of apoptotic cells was substantially elevated in the SRT1720-treated group (Fig. 5E ). These data suggest that SIRT1 activation could impede mPT, thus promoting cell apoptosis. So, it is reasonable to speculate that SIRT1 might be a potential therapeutic target to reverse pulmonary vascular remodelling and retard the progression of PAH.
Rev and SRT1720 improve right ventricular systolic pressure (RVSP) and mitigate right ventricular hypertrophy (RVH)
To further verify the beneficial effects of Rev and SRT1720, we measured the values of RVSP and RVH in the different treatment groups. The results indicated that both Rev and SRT1720 could decrease the level of RVSP induced by hypoxia (Fig. 6A ). In addition, pretreatment with both Rev and SRT1720 also significantly attenuated right ventricular hypertrophy in vivo (Fig. 6B) .
Discussion
Rev is a naturally occurring polyphenol present in many plant-based foods and is beneficial in various diseases. Currently, several studies have documented that Rev possesses various biological properties, including antioxidant, anti-inflammatory, and anti-proliferative properties, and promotes cell differentiation and apoptosis [27] [28] [29] [30] . The data from a recent study showed that Rev reversed the remodelling of the pulmonary vasculature by restoring atrophic gene expression in MCT-induced PH [18] . In addition, Zhou et al. showed that Rev could elevate the activation of SIRT1 and p21 but decreased cyclin D1 expression in MCTinduced PAH [19] .
The present study yielded several novel findings about the anti-PAH effects of Rev. In this study, the administration of Rev markedly reversed the remodelling of the pulmonary vasculature in rats exposed to hypoxia. Recent findings suggest that Rev is a non-specific activator of SIRT1 [31, 32] . Whether SIRT1 is involved in hypoxia-induced PAH and in the anti-PAH effect mediated by Rev has not been fully disclosed until now. In this study, the rats received Rev for 21 days and the PASMCs were incubated with Rev for 24 h in a hypoxic environment. Immunoblotting was performed to show that the protein level of SIRT1 was predominantly decreased, but the non-specific activator of Rev could not reverse the level of SIRT1 protein expression as shown in Fig. 2 . Therefore, we speculated that SIRT1 was involved in hypoxia-induced PAH, which could be associated with SIRT1 activation. PASMC proliferation and apoptosis play critical roles in PAH [3, 33] , indicating that anti-proliferative and apoptosis-promoting therapies are needed. Recently, multiple researchers have suggested that SIRT1 plays a crucial role in cell proliferation and apoptosis. For example, Igarashi et al. suggested that SIRT1 deacetylated S6K1, contributing to an increase in intestinal stem cell number. The upregulation of SIRT1 activity is closely related to certain health benefits [34] . In addition, the activation of the SIRT1 pathway contributes to the proliferation of vascular smooth muscle cells [35] [36] [37] . In contrast, multiple researchers have revealed that SIRT1 can induce cell apoptosis. Jin et al. demonstrated that both endogenous and exogenous SIRT1 were able to partially localize in the cytoplasm and that the cytoplasm-localized SIRT1 led to enhanced sensitivity to apoptosis [38] . Frazzi et al. found that Rev could increase Hodgkin lymphoma cells apoptosis, which was partially associated with SIRT1 activation [39] . Anti-proliferation and pro-apoptosis in PASMCs are considered beneficial in PAH, and multiple drugs have been discovered to prevent PAH by inducing PASMC apoptosis [40, 41] . Therefore, although Rev had no effect on the level of SIRT1 protein, its anti-PAH activity could be associated with enhancing SIRT1 activation, thus inhibiting PASMC proliferation and promoting their apoptosis. SRT1720 is considered to be a specific activator of SRT1720. Therefore, SRT1720 was chosen to further verify whether PAH was reversed by influencing the activation of SIRT1. To test this hypothesis, PASMCs were incubated with Rev and SRT1720. Consistent with our expectation, stimulation with different doses of Rev caused obvious decreases in cell proliferation (Fig. 1) . To further verify the effect of Rev on PAH, different doses of SRT1720 were used. SRT1720 was found to decrease cell viability in a dose-dependent manner (Fig. 3) . Funk et al. discovered that the activation of SIRT1 was predominantly enhanced by treatment with SRT1720 (1 µm) in renal proximal tubule cells [42] . Yoshizaki et al. suggested that SRT1720 treatment (1 µm) on adipocytes produced antiinflammatory effects and improved insulin sensitivity [43] . Consistent with our results, the dose of SRT1720 (1 µm) also produced substantial outcomes. Therefore, a dose of SRT1720 (1 µm) was used. Our results indicated that SRT1720 incubation substantially increased cell apoptosis (Fig. 4 and Fig. 5 ). Rao et al. reported that hypoxia could significantly enhance mitochondrial biogenesis and therefore increase the number of mitochondria [44] . Bonnet et al. indicated that hypoxia sensitivity in fawn hooded rats could engender an increased number of mitochondria in PASMCs [45] . In the current study, we provided evidence that Rev could lead to dysfunction in the mitochondria by inducing nuclear pyknosis and mitochondrial swelling. In the hypoxia treatment group, we found that the number of mitochondria was increased. The increased mitochondria could be associated with hypoxiainduced mitochondrial mitotic fission [46] . In addition, we further found that incubation with SRT1720 could alter mitochondrial permeability transition, thereby promoting PASMC apoptosis. The dosage of SRT1720 (25 mg/kg/day) was chosen according to several research studies. Zhou et al. suggested that a high dose of SRT1720 (50 mg/kg) could improve obesity induced by a high-fat diet in mice [47] . Minor et al. indicated that either a high dose of SRT1720 (100 mg/kg) or a low dose of SRT1720 (30 mg/kg) could improve survival and longevity in obese mice [48] . Therefore, the low dosage of SRT1720 (25 mg/kg/day) was used to assess whether SIRT1 activation reversed PAH in rats. Notably, we found that Rev and SRT1720 (25 mg/kg/day) treatment mitigated RVSP and reduced RVH.
The present study revealed the ability of Rev to mitigate PAH through involvement in the regulation of PASMC proliferation and apoptosis and through the activity of mitochondria by increasing SIRT1 activation. These findings may indicate a novel molecular mechanism underlying the anti-PAH effects of Rev. The results expanded our understanding of anti-PAH therapy, reconsolidating the view that Rev likely has critical functions and may be a novel therapeutic drug. However, the role of Rev in the anti-PAH pathway has not been deeply studied in our present work. Nevertheless, our results may lead to future studies that explore not only the implications of mitochondrial mitotic fission in anti-PAH mediated by Rev but also the beneficial effect of SIRT1 as a potential biological target for therapy in PAH. In addition, it should be noted that our study was performed in rats and that the findings cannot be extrapolated directly to humans. Therefore, appropriate caution is required in applying the results of this study to patients.
